
ENCODED VARIABLE FILTER SPECTROMETER 

Related Applications 
r jPfes*ao filicaliQn is related to U.S. Pat ent Application Serial No. 
entitled "System for Non-Invasive Measurement of Glucose in 

Application Serial No. , entitled "Illumination Device 

Spectroscopic Analysis"; and U.S. Patent Ap^^aftf5nSerial No. 



"Optically Similar Reference^tl^es anlrfelated Methods for Multivariate Calibration 
Models Used inpjSfical Spectroscopy", all filed on the same date herewith and assigned 
to th^^^ssignee of the present^plicatiefli — -Tfie disclosure of each of these related 
Ications is hereby incorporated by reference. 

Field of the Invention 
The present invention generally relates to optical spectrometers. More 
specifically, the present invention relates to encoded filter-based optical spectrometers. 

Background of the Invention 
1 5 Optical spectrometers are systems that permit the measurement of optical intensity at 

specific wavelengths within a spectral region. In broad terms, a spectrometer can either 
measure each of the wavelengths individually, or it can measure multiple portions of the 
spectrum at one time. In the first case, the spectrometer operates in a sequential mode and is 
referred to as a scanning spectrometer system. In the latter case, the spectrometer is said to 
20 operate in a multiplexed fashion. Multiplexed spectrometers can be further divided into 
those that are based upon a detector array and those that use just a single detector. Array- 
based spectrometers incorporate some optical element such as a grating or prism to separate 
the light and distribute it across the detector array to record the individual intensities incident 



on the detector pixels. In contrast, a single-element multiplexing spectrometer incorporates 
an optical encoding subsystem such as an interferometer to encode the light in a manner that 
the resulting signal can be processed after collection to regenerate the individual spectral 
intensities. The subject of this disclosure is a new method for constructing a multiplexing 
5 spectrometer that is based on a single element detector, an optical filter assembly, and an 
encoding mask. 

Spectroscopic measurement systems operating in the visible or near-infrared spectral 
regions may be used to measure a wide variety of sample characteristics that convey 
information regarding the presence and/or quantity of analytes. In particular, they can be 
10 used to measure analytes in inanimate samples, biological samples, and in human subjects. 
==S They can provide identifying information about the person or other sample type, provide 

! I information about the age, gender, or other demographic factors about the person being 

Q measured, provide information about the disease state of the person or sample being 

^ measured, or provide information about the quality or similarity of the sample being 

l rf 15 measured relative to some known population. In order to design and build a commercially 
viable spectroscopic system for these types of measurements, the spectrometer should be 
multiplexed and have high optical throughput in order to allow the spectroscopic system to 
collect as much light as possible in a given measurement time, and thereby increase the total 
measurement signal-to-noise ratio. The spectrometer system should also be stable to reduce 
20 the effect of instrument drift and reduce noise. Also, in order to facilitate the ability to 
perform a calibration on one instrument and use the same calibration model for other similar 
instruments (i.e. calibration transfer), the spectrometer system should be of a simple and 
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robust design with a minimum number of components that have critical dimensions or 
require precise movement. 

In addition, in order to facilitate efficient manufacture of such a spectrometer, it 
should contain few parts with a minimal number of adjustable critical dimensions. Ideally, 
5 the parts of the spectrometer would be well suited for large-scale manufacturing processes in 
order to fulfill the demands of large- volume production. It is also desirable that the parts of 
the spectrometer are manufactured using well-developed and well-understood technologies 
and materials to avoid unexpected interactions and effects when the parts are assembled into 
a complete spectrometer. 

10 For broad commercial viability, the spectrometer should be designed to be as small 

and as inexpensive as possible. Due to the high cost of near-infrared detector arrays, a near- 
infrared spectrometer suitable for low-cost applications preferably will be based upon a 
single-element detector. In addition, the spectroscopic system must be rugged to withstand 
shock, dust, humidity and other adverse environmental influences. 

15 There is a variety of spectrometers capable of being incorporated in a spectroscopic 

system to produce optical spectra which potentially can be used for analysis of analytes in 
biological media. Examples of suitable spectrometers include: diffraction spectrometers 
utilizing scanned or array diffraction gratings; refraction spectrometers utilizing a prism or 
mock interferometer; interference spectrometers utilizing a scanning Fourier Transform 

20 interferometer or stationary interferometer (e.g., Sagnac interferometer as described by 
Rafert, et al., Monolithic Fourier-Transform Imaging Spectrometer , Applied Optics, 34(31), 
pp 7228-30, 1995.); discrete light source spectrometers utilizing light emitting diodes, laser 
diodes or tunable diode lasers; and filter-based spectrometers utilizing acousto-optical 
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transmission filters, liquid crystal filters, discrete optical filters, linear variable filters, or 
circular variable filters. 

While each of these spectrometers is viable for generating spectra, each has 
shortcomings in terms of either optical throughput, stability, versatility, availability, size, or 
5 cost, depending upon the application. For example, in the case of using near-infrared 
spectra (1.25 - 2.5|wm) to measure analytes in biological media, Fourier Transform 
instruments that provide high optical throughput, high stability, high versatility and are 
readily available tend to be large and relatively expensive. While design improvements can 
be made to reduce size and cost while maintaining the other desirable characteristics of an 
:~ 10 FTIR system for this application, other methods for generating spectra with fewer, less 

llj 

if, costly parts could be competitive with the FTIR approach. 

y 

jjb One such alternative is the use of optical filters. There are commercially available 

□ assemblies for spectral separation and detection that use optical filters, such as the 

MicroPac assembly available from Optical Coating Laboratories, Inc. (OCLI), as 
15 schematically shown in Figure 1. The MicroPac assembly 10 receives light or radiation 
12 through a dielectric linear variable filter (LVF) 14, micro-optics 16 and a detector 
array 18. The LVF 14 is a bandpass dielectric filter whose properties vary over its length 
such that the central wavelength of the pass band varies linearly across the filter 14. 
OCLFs MicroPac assembly 10 images the LVF 14 onto the detector array 18 to generate 
20 a spectrum of the light incident on the LVF 14. The cost of the MicroPac assembly 10 
that can be used for visible and/or very near infrared regions is significantly affected by 
the price of the particular silicon detector array utilized. Due to the relative scarcity and 
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high cost of NIR arrays that can detect light with a wavelength as long as 2.5^im (e.g., 
InGaAs or PbS), the NIR embodiment of the OCLI MicroPac assembly is expensive. 

During the proceedings of the MicroPac Conference hosted by OCLI in California, 
on May 1 1 th and 12 th , 2000, Shroder proposed the use of a fiber optic coupling to increase 
5 efficiencies of the assembly 10 by twenty (20) to forty (40) times. See Current 
Performance Results by Robert Shroder, MicroPac Forum Presentation, May 11, 2000. 
However, in all instances, the OCLI assembly 10 is used on the detector side of a 
spectrometer just prior to the detector array. It has not been suggested to use the LVF 14 on 
the illumination side of the system, prior to the sample under analysis, nor has it been 

10 suggested to include the LVF with an integrating chamber for coupling a light source to an 
encoded filter-based spectrometer. 

Another approach used in spectrographic analysis is to incorporate a Hadamard or 
other encoding mechanism in a spectrometer to enable multiplexing and thereby increase the 
overall optical throughput of the system, as is known in the art. For example, Harwitt and 

15 Sloan (Harwit, M. and N. Sloan, Hadamard Transform Optics, pages 109-145, Academic 
Press, 1979) discuss the application of a Hadamard mask to either or both the entrance and 
exit planes of a grating spectrometer. However, such prior art does not indicate that the 
encoding can be combined favorably with a filter-based instrument. 

U.S. Patent No. 6,031,609, entitled "Fourier Transform Spectrometer using a 

20 Multielement Liquid Crystal Display," teaches a system and method for combining prisms 
or gratings with a liquid crystal spatial light modulator in such a way as to create a Fourier 
Transform spectrometer. The advantages claimed for this system include increased signal- 
to-noise ratios over scanning dispersive instruments for a fixed integration time without any 
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moving parts. However, such prior art does not indicate that multiple encoding methods and 
systems can be applied for encoding, or that the encoding can be combined favorably with a 
filter-based instrument. 

From the foregoing, it should be apparent that there is an unmet need for an 
5 encoded filter-based spectrometer that optimizes optical throughput, stability, versatility, 
availability, size, and cost. 

Summary of the Invention 
The present invention provides a spectrometer capable of being incorporated into a 
small, simple, rugged, inexpensive spectroscopic system for commercial applications. The 
; B 3 10 spectrometer of the present invention optimizes optical throughput, increases the signal-to- 

iJJ 

;» noise ratio of the system, and decreases the complexity of the system. The spectrometer of 

(1 the present invention is well suited for incorporation in a spectroscopic system that collects 

□ data necessary to perform spectroscopic determinations on biological media. Spectroscopic 

^ determinations include measuring the quantity of an analyte, the presence or absence of an 

;«f 15 analyte, checking for sample quality and consistency with a known class of samples, 
performing classification of disease states, estimation of age and gender, and establishing 
identity via individual spectroscopic markers. Biological media includes living tissue, 
excised tissue, and fluids measured either in-vivo or in-vitro derived from humans, animals 
and other living organisms. Any of these spectroscopic measurements can be made using 
20 either diffuse reflectance or transmission measurement optical sampling geometries. 

The present invention provides a number of different spectrometers for use in 
spectroscopic systems. The spectroscopic systems of the present invention basically 
include a light source for generating light and a detector for receiving light. The light 
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source can include a multiwavelength tungsten-halogen emitter, an array of LED infrared 
emitters, a flashlamp, an arc lamp or any other illumination source. Each spectrometer 
configuration also preferably includes a means to encode the light emitted by the source. 
As well, each spectrometer also preferably includes a single or multiple variable optical 
5 bandpass filter(s) with properties that vary with position, such as a linear variable filter 
(LVF), or an optical filter assembly that includes a number of discrete filters with two or 
more different optical bandpass regions for receiving and filtering light from the source. 
Light that strikes the filter within the bandpass region is transmitted through the filter 

S over a specific area or region, and the light outside the bandpass region is substantially 

l B 

] M 10 reflected back. 

1=5 In addition, each spectrometer may include an integrating chamber that collects and 

\*± redirects light that is emitted from the source and does not pass through the filter. The 

□ integrating chamber essentially boosts the optical throughput of the spectroscopic system 

^ and increases the signal-to-noise ratio. The integrating chamber may allow direct 

1^ 15 illumination of the filter from the light source and also allows the light reflected back from 
the filter to make additional attempts to pass through the filter. The integrating chamber 
maximizes the return of the reflected light to the filter assembly and minimizes optical 
losses. By increasing the optical throughput and minimizing optical losses, the 
spectrometer may be arranged in the spectroscopic system such that the sample is 
20 disposed adjacent to either the detector or the light source. 

The light source may be positioned inside or outside the integrating chamber. If the 
light source is located outside the integrating chamber, the integrating chamber may be of an 
orthogonal design (i.e., cuboid or cylindrical) to preserve the optical geometric 
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characteristics of the light entering the integrator, even after multiple reflections from the 
filter. This is beneficial if it is necessary to maintain the angular distribution of the light 
entering into any of the subsequent optical components of the spectrometer system. 
Alternatively, a round, polygonal, conical or irregular shape may be used if it is desired to 
5 homogenize the light from the source. Further, the integrator may have at least a portion 
that is shaped to focus light over a desired specific area. 

The bandpass filter may be selected and adjusted to optimize light throughput in the 
system. Aspects of the system that can be optimized by the choice of the variable filter or 
filter assembly include maximizing the amount of light in spectral regions important to the 

10 measurement being made, reducing photon noise by eliminating light in spectral regions 
outside the band(s) of interest, and optimizing the spectral properties of the light passing 
through the tissue or other sample type to reduce or eliminate optically induced damage to 
the sample. The filter may comprise a variable filter or a selection of discrete bandpass 
filters. In addition, the filter may comprise a linear or non-linear variable filter. 

15 The output of a linear variable filter is generally distributed spatially over a 

relatively large area. In one embodiment, a first integrating chamber is used to receive 
light from the source and passes this light to a first linear variable filter. Light passing 
through the appropriate bandpass of the linear variable filter then passes to an encoding 
unit. Light exiting the encoding unit strikes a second linear variable filter having a spatial 

20 distribution of wavelength passbands matching those of the first linear variable filter. 
Light passing through the appropriate portion of the second linear variable filter enters a 
second integrating chamber which allows light from the large linear variable filter surface 
area to be efficiently collected into a smaller exit port. This allows for a dramatic 
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reduction in the size of the fiber optic bundle and/or detector which would otherwise 
receive the light exiting the relatively large surface area of the linear variable filter. 

The encoding unit is a spatial light modulator that may comprise a movable 
(linear or rotating) mask having an aperture array, a liquid crystal spatial light modulator, 
a micro-electromechanical system (MEMS), a digital mirror device (DMD) or any other 
equivalent method for spatial modulation of the light. In addition, the filter and the 
encoding unit may be combined into a single unit. 

Brief Description of the Drawings 

Figure 1 is a schematic illustration of the MicroPac assembly; 

Figure 2 is a schematic illustration of a spectrometer system utilizing a basic 
encoded variable filter device in accordance with an embodiment of the present 
invention; 

Figure 3 is a graph comparing linear and non-linear variable filters; 

Figure 4 is a schematic illustration of a spectrometer system utilizing an external 
source interfaced with imaging optics in accordance with an embodiment of the present 
invention; 

Figure 5 is a schematic illustration of a spectrometer system utilizing an external 
source interfaced with non-imaging optics in accordance with an embodiment of the 
present invention; 

Figure 6 is a schematic illustration of a spectrometer system utilizing a rotating 
mask encoding system in accordance with an embodiment of the present invention; 

Figure 7 is a schematic illustration of a spectrometer system utilizing a rotating 
circular variable filter (CVF) encoding system in accordance with an embodiment of the 



present invention; 

Figure 8 is a schematic illustration of a spectrometer system utilizing a liquid 
crystal encoding system in accordance with an embodiment of the present invention; 

Figure 9 is a schematic illustration of a spectrometer system utilizing a digital 
mirror device (DMD) encoding system in accordance with an embodiment of the present 
invention; 

Figure 10 is a schematic illustration of a spectrometer system utilizing optical 
fibers with integral bandpass filters in accordance with an embodiment of the present 
invention; 

Figure 1 1 is a schematic illustration of a spectrometer system utilizing a micro- 
electromechanical system (MEMS) encoding system in accordance with an embodiment 
of the present invention; 

Figure 12 is a schematic illustration of a spectrometer system utilizing a MEMS- 
based spectral encoding unit in accordance with an embodiment of the present invention; 

Figure 13 is a schematic illustration of a spectrometer system utilizing a MEMS- 
based double encoding system in accordance with an embodiment of the present 
invention; 

Figure 14 is a schematic illustration of a spectrometer system utilizing an 
integrated non-fiber arrangement in accordance with an embodiment of the present 
invention; and 

Figure 15 is a schematic illustration of a spectrometer system utilizing an input 
integrating chamber and linear variable filter passing light to a spatial encoder with light 
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exiting the encoder and striking a second linear variable filter and integrating chamber to 
allow for a smaller area collection bundle or detector. 

Detailed Description of the Invention 
The following detailed description should be read with reference to the drawings 
5 in which similar elements in different drawings are numbered the same. The drawings, 
which are not necessarily to scale, depict illustrative embodiments and are not intended to 
limit the scope of the invention. 

Refer now to Figure 2, which is a schematic illustration of a spectrometer system 
100 utilizing a basic encoded variable filter (EVF) device 111 in accordance with an 
10 embodiment of the present invention. Note that spectrometer components 106/108 are 
collectively referred to as encoded variable filter (EVF) device or unit 111. Further, 
component 104, the integrating chamber, is an optional component included in encoded 
variable filter device 111. The spectrometer 100, in a preferred embodiment, includes an 
optical light source 102, an optical integrating chamber 104, a filter assembly 106 such as a 
15 linear variable optical bandpass filter, a spatial encoding device 108, a sampler 112 
incorporating illumination optical fibers 110 that shine light into the tissue at the 
sampler/tissue interface 114 and detection optical fibers 116 that detect light after passing 
through the tissue (in either reflectance or transmission), a lens 1 18, a detector 120, and a 
computer 122 to control the spatial encoding unit 108 and to collect the detected optical 
20 signal from the detector 120. The computer 122 includes the basic components of a 
processor, a memory for storing data and software, an input device and an output device. 

As shown, the spectrometer system 100 is arranged with the sampler 112 and 
sample interface 1 14 between the spectrometer components 102-1 10 and the detector 120 
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(source-spectrometer-sample-detector). Those skilled in the art will recognize that all 
embodiments described herein may be arranged with the sampler 112 and sample 
interface 114 between the light source 102 and the spectrometer components 104-120 
(source-sample-spectrometer-detector). The illustrated configuration (source- 
spectrometer-sample-detector) of the system 100 is especially suitable for diffuse 
reflectance tissue sampling due to the highly attenuating nature of the tissue. In the near 
infrared, one watt of light incident on the tissue will yield between 1 and 100 micro-watts 
of light that is available for detection (the exact ratio depends upon the wavelength, the 
exact sampler geometry, and other factors). Due to the large optical losses caused by 
attenuation and scatter by tissue, it is advantageous to minimize instrumental losses 
between the exiting light at the tissue interface 1 14 and the detector 120. Thus, placing 
the spectrometer components 102-1 10 prior to the sampler 1 12 and sample interface 1 14 
removes a potentially large loss in the detection channel. The illustrated configuration of 
the system 100 is optimal if the illumination source 102 and spectrometer components 
106/108 can produce enough optical power such that the sample (e.g., skin tissue) can be 
illuminated at a level below the sample damage threshold. 

In a preferred embodiment, the optical filter assembly 106 is constructed from one 
or more dielectric filters in such a way that light that is not passed through the filter is 
substantially reflected. In this preferred embodiment, the optical integrator or integrating 
chamber 104 is incorporated in the EVF unit 111 to take advantage of the dielectric 
optical filter 106 which, over its surface area, includes regions which transmit light with a 
single, well-defined band of optical wavelengths. With the dielectric filter 106, light 
outside the bandpass region in a specific portion of the surface area is substantially 
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reflected and would represent a significant optical loss but for the integrating chamber 

104. In the present invention, the integrating chamber 104 is used to capture and redirect 
the light that is outside the bandpass region of a portion of the filter 106 to other portions 
of the filter appropriate for the wavelength region, resulting in a significant increase in 
the optical power passing through the filter 106. 

The integrating chamber 104 comprises a hollow shell 103 defining an interior 

105. The inside surface of the shell 103 comprises a reflective material or coating such 
that light entering the interior 105 is reflected off of the inside surface of the shell 103 
until the light exits the integrating chamber 104. Alternatively, the integrating chamber 
104 can be a light-transmitting solid, such as glass or a liquid-filled chamber, each with a 
reflective surface 103. The reflective surface(s) of the integrating chamber may be 
optically smooth, providing specular reflections, or optically rough, providing diffuse 
reflections. To preserve angular characteristics of the light, the reflective surfaces of the 
integrating chamber 104 may be made optically smooth and the shell may be of 
orthogonal design. Orthogonal design means that the walls of the integrating chamber 
104 are orthogonal to the filter 106 and encoding unit 108 (i.e., cuboid or cylindrical 
integrating chamber), although other shapes (e.g., spherical, oblong, etc.) are also 
feasible. The light source can also be placed within the integrating chamber 104. 
Further, an integral unit could be used wherein the glass envelope holding the bulb 
filament is designed as an integrating chamber having the above features. 

In a preferred embodiment, the optical integrator 104 may boost the optical 
throughput of the spectrometer system 100. The optical integrator 104 may allow light from 
the light source 102 to directly illuminate or strike the variable filter assembly 106 and also 
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allows the light rejected (i.e. reflected) from the variable filter assembly 106 or the spatial 
encoding unit 108 to make additional attempts to pass through the filter 106. The optical 
integrator 104 is designed to maximize the return of the reflected light to the filter assembly 
106 with a minimum of optical losses. In addition, in cases where the light source 102 is 
5 located outside of the integrating chamber 104, the integrating chamber 104 may be 
fabricated as a reflective cuboid, which will preserve the optical geometric characteristics of 
the light entering the integrator 104 even after multiple reflections from the filter 106 
surface. 

The optical light source 102, such as a quartz tungsten halogen lamp, may be 
10 located inside the optical integrating chamber 104. Alternatively, the light source 102 
may be located outside the optical integrating chamber 104, with all or a portion of the 
emitted optical radiation from the light source 102 directed into the integrating chamber 
104 using lenses, mirrors or other optical means with substantially the same effect. 

The dielectric bandpass filter assembly 106 may be made of a single linear 
15 variable filter, two or more linear variable filters, a circular variable filter (or segment 
thereof), a variable filter embodying a nonlinear bandpass profile, or a plurality of 
individual optical bandpass filters fabricated as separate pieces. The optical filter(s) 106 
may be dielectric and be positioned such that light that is not of the proper wavelength for 
transmission by a filter element (or a portion of the filter) is substantially reflected back 
20 into the integrating chamber 104. In so doing, the reflected light can be redirected to 
impinge on a different filter element (or portion of the filter), thereby substantially 
increasing the optical throughput of the system 100. Other filters could also be utilized, 
including absorbance filters, metallic filters or tunable filters. 
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A variable optical filter 106 having a nonlinear bandpass profile may be utilized 
to pass more light of desirable wavelengths and less light of less desirable wavelengths. 
Figure 3 is a graph showing a representative distribution of multiple wavelength light 
passing through a linear and non-linear variable filter. The vertical axis is the position 
along the variable filter and graphically illustrates a design wherein a greater portion or 
area of the filter is devoted to passing light in spectral regions of more importance to the 
analysis. As an alternative, a plurality of discrete filter elements may be used to pass 
more light of desirable wavelengths and less light of less desirable wavelengths by 
selecting the appropriate number and type of bandpass filter elements (central 
wavelengths and optical widths). These filter elements can be arranged in a non-ordered 
or ordered arrangement as appropriate to other characteristics of the design or 
manufacture of the EVF unit. The dielectric filter(s) 106 may be positioned such that 
each distinct filter element is proximal to, or can be imaged onto, a different location of 
the spatial encoding unit 108. 

One means of determining the configuration of a non-linear variable optical filter 
is to interrogate the final regression coefficients (FRC) of a spectroscopic system. Those 
wavelengths at which the FRC has a large absolute magnitude are the wavelengths that 
are most heavily weighted by the system to produce the analyte estimate. For this reason, 
the signal-to-noise at each of these strongly-weighted wavelength bands will have the 
greatest influence on the resulting prediction error. A non-linear filter can be used to 
adjust the distribution of light such that strongly FRC-weighted wavelength bands are 
given a larger spatial segment of the filter. In general, the incorporation of a new non- 
linear filter in a spectroscopic system will alter the resulting FRC. Therefore, if desired, 



- 15- 



this new system and its corresponding FRC can then be the basis for a new non-linear 
filter optimization. This iterative calculation of the non-linear filter design can then be 
repeated as necessary to achieve the desired level of refinement. The use of an end-to-end 
computer model of the system can be used to facilitate this iterative design process, rather 
than relying on multiple hardware/experimental iterations. 

The spatial encoding unit 108 comprises a spatial filter that encodes each physical 
location on the optical bandpass filter(s) 106, which in turn corresponds to a different 
optical frequency. The encoding unit 108 may utilize a Hadamard transform, a Fourier 
amplitude modulation, a Fourier frequency modulation, a random coding pattern, or any 
other similar variant. Devices suitable for this type of encoding unit 108 include 
electromechanical aperture arrays (circular motion or linear), liquid crystal spatial light 
modulators, micro-electromechanical systems (MEMS), digital mirror devices (DMDs) 
also known as Digital Light Processors (DLPs), and others described in more detail 
hereinafter. 

In a preferred embodiment where the encoded variable filter device 1 1 1 includes 
an integrating chamber 104, the source side of the spatial encoding unit 108 may be made 
optically reflective and oriented in such a way that light that is blocked by the encoding 
unit 108 is substantially reflected toward the integrating chamber 104. In this way, light 
that passes through the variable filter 106 but blocked by the encoding unit 108 will enter 
the integrating chamber 104 and be redirected. This light will then have a chance to pass 
through another suitable portion of the filter 106 that could correspond to an open portion 
of the encoding unit 108. 

The order of the EVF device 1 1 1 components in Figure 2 and subsequent figures 
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is depicted as a light source 102, followed by a variable filter assembly 106, followed by 
a spatial encoding device 108. Those skilled in the art will recognize that all 
embodiments described herein may also be arranged with the light source 102, followed 
by the spatial encoding device 108, followed by the variable filter assembly 106. 
5 The optical filter 106 and the encoding unit 108 may be combined into a single 

unit, which offers the possibility of additional encoding schemes. For example, if the 
encoding unit 108 comprises a MEMS device or other electromechanical system which 
encodes the light in such a way that the light passing through a particular encoding 
aperture is passing through either one of two different optical bandpass filters, then the 
10 encoding unit may have half the number of encoding apertures and encoding 
mechanisms, and therefore require half the space. Specific embodiments of a combined 
filter 106 and encoding unit 108 are described in more detail hereinafter. 

Xhe sp ect roscopic measurement system 100 is p articularly suitable for operating in 
the visible or near-infrared spectral regions to measure or identify a wide vane! 
15 such as glucose, urea, ethanol, beta2 microglobulin, different hemoglobin types, hematocrit, 
other biological analytes and specific or overall tissue properties (for biometric ideptit 
applications). Other applications can include age verification, gender^erification, disease 
state determinations, tissue hydration estimation, and sample similarity assurance. For 
purposes of illustration only, use of the specfco|[ieter systemu^rOO is described in terms of 
20 measuring glucose concentration thj^ifgh slorf^tissue. An example of this application is 
described in U.S. Patent Np.^975,581 to Robinson et al., the disclosure of which is hereby 
incorporated hereiivby reference. Otherpeemplary applications include those disclosed in 
U.S. Patent T&T. 5 ,494,03 2^£ob^son et al; U.S. Patent No. 5,596,992 to Haaland et al., the 
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disclosures of whic h are incorp orated^erein^by^^^ further applications are 

disclosed in commonly assigned pending applications including U^Tl*^^ 

Serial No. , filed on the same day herewith, entitled "System for Noninvasij^ 

Measurement of Glucose in Humans"; U.S./^tent ApplicationJ^aW^ filed 
October 29, 1998, entitled "Apparatus ^d>I§|Roa for the Extermination of the Adequacy 
of Dialysis by Non-Invasiy,e^Near-Inff5fed SpettrtfSSopy"' and U.S. Patent Application 



Serial No. 09/41*5^94, filed October 8,^1-999, entitled "Apparatus and Method for 
Identifi^a"^onof Individuaif"6yNea>In^ed Spectrum", the disclosures of which are each 
incorporated herein by reference. 
10 In use, the sampler 112 is positioned adjacent the skin tissue to form a tissue 

interface 114. The light source 102 is then activated to pass light through the integrating 
chamber 104 and into the filter 106. Light having a wavelength within the acceptable 
bandwidth passes through the filter 106, and light of unacceptable wavelength is reflected 
back into the integrating chamber 104 where it is ultimately retransmitted to the filter 106. 
15 Light within the acceptable bandwidth passes through the filter 106 and into encoding unit 
108 which may be controlled by the computer 122. The encoding unit 108 correlates 
discrete locations on the filter 106 to the encoding unit 108. This can also correlate filter 
locations to discreet or multiple optical fibers, such that each optical fiber 1 10 or group of 
optical fibers represents or receives a specific frequency of light. Alternatively, optical 
20 components such as lenses, mirrors, or light pipes can be incorporated in the system 
between the output of the EVF 111 and the optical fibers 1 10 to collect substantially all of 
the encoded light and redirect it into the sampler input fibers such that no specific 
frequency-fiber relationship exists. 
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The filtered light is then transmitted through the optical fibers 110 to the sampler 
1 12, which includes input and output elements (not shown). Light is delivered into the skin 
tissue at the tissue interface 1 14 through the input element of the sampler 1 12. A portion of 
the light that is not absorbed by the tissue at the tissue interface 114 is collected by the 
5 output element of the sampler 112. The collected light is then transmitted through the 
detection optical fiber 116, through the lens 118, and to the detector device 120. The 
detector device 120 converts the light signal into an electric signal, which is representative 
of the non-absorbed light. The detector can be an InGaS, silicon, InSb, PbSe, Ge, Si, a 
bolometer or any other suitable detector and can consist of one or more detector elements. 
10 The electric signal from the detector 120 is transmitted to and processed by the computer 
122 which decodes the signal and provides a measure of the analyte (e.g., glucose 
concentration) of interest. 

It is also possible to use the raw encoded data directly for some spectroscopic 
measurements. This capability decreases the processing power and cost of components 
15 necessary for a stand-alone spectral system 100 and improves the response time of the 
system 100. 

itefeiMrew^o-Fi^^^ 

systems 130/140 utilizing an external light source 102. Except as described herein, the 
design, function and use of the spectrometer sysj^fnfc 130/140 are substantially thejgme 
20 as described with reference to the spectrometer s^tem^OO^rlltiSErated in Figure 2. The 



external light source 102 may be lacatefl refedtel^aQ^interfaced with the integrating 
chamber 104 using imaging*^ non-imaging optics 

142 as illi^tr^^^^igure^Sr^^e imaging optics 132 may comprise refractive or 
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^gfkcli&e^^ light source 102 

into the integrating chamber 104. The non-imaging optics 142 may comprise^Hght pipe, a 
fiber bundle or other similar device to transmit the light emitted by the light source 102 
the integrating chamber 104. Some types of non-imaging optical devices 142, such as a 
light pipe, allow the light emitted by the light source 102 to be scrambled^^ 
An example of a suitable light pipe is dis^esed in commonly^assigned U.S. Patent 

Application Serial No. , filed onihesafae sS 9Ste herewith, entitled "Illumination 

Device and Method for SpectrQseS^|Anws\" the entire disclosure of which is 




incorporated herein^bj^eference. Such a light pipe both spatially and angularly 
1 0 homogei^^li^tsuch thaUhejysten^^ in the light source 

^^^^bas**Been shown to negatively impact the predictive capability in spectroscopic 
analysis of tissue. 

With either of the spectrometer systems 130/140 illustrated in Figures 4 and 5, 
respectively, the integrating chamber 104 may be of orthogonal design with smooth 

15 reflective interior sides to preserve the angularity of the light entering the integrating 
chamber 104. Previously disclosed shapes for the chamber can also be utilized. 
However, when the illumination optical fibers 1 16 and filter 106 are matched to apertures 
of the imaging/non-imaging optics 132/142, the orthogonal integrating chamber 104 is 
particularly beneficial because the preservation of angular characteristics maintains the 

20 desired match when light passes through the integrating chamber 104. In preferred 
embodiments, optical fibers which receive a preferred angular range of light are utilized 
to eliminate unwanted angles. Optical baffles can also be included in the output end of 
the integrating chamber to limit the angular distribution of the light leaving the chamber. 
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As mentioned previously, the filter 106 and encoding unit 108 may comprise a 
wide variety of designs, some of which are described with reference to Figures 6-13. 
Except as described herein, the design, function and use of the spectrometers systems 
150/160/170/190/200/210/220 illustrated in Figures 6-13 are substantially the same as 
5 described with reference to the spectrometer system 100 illustrated in Figure 2. 

Refer now to Figure 6, which is a schematic illustration of a spectrometer system 
150 utilizing a rotating mask 152 encoding system. The rotary encoding mask 152 
comprises a disc including a plurality of apertures 156 arranged in varying patterns in radial 

□ lines which align with selected portions of the LVF 1 06 at specific times when the mask 1 52 
io is rotated as shown. The position of the apertures 156 may be changed to perform the 

;™ spectral encoding. Rotation of the rotary mask 1 52 is synchronized with the data collection 

IjJ 

u system 122, and may be continuous or stepped. The bottom side 154 of the mask 152 is 

□ highly reflective to return blocked light into the integrating chamber 104 for an additional 
I s * chance to pass through to the filter 106. The mask 152 may alternatively be linearly 
!==f 15 translated in order to perform the spatial encoding. Further, the mask 1 52 location and filter 

106 order can be switched, but it would be desirable to make the mask highly reflective on 
both sides if placed between the source and filter. 

Refer now to Figure 7, which is a schematic illustration of a spectrometer system 
160 utilizing a rotating circular variable filter (CVF) encoding system 162. The CVF 
20 encoding system 162 is similar to the rotating mask 152 encoding system described 
above, except that the CVF encoding system 162 rotates and the illumination fibers 1 10 act 
as the aperture/mask set. In a preferred embodiment, the space around each of the fibers is 
filled with a reflective material that redirects the light passing through the CVF 162 back 
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into the integrating chamber 104 if it does not enter a fiber 110. The position of the 
illumination fibers 110 may be varied and the CVF 162 is rotated to perform the spectral 
encoding. For example, the spacing of the fibers 1 10 at the CVF 162 may be chosen to 
define a Hadamard cyclic mask. In this particular embodiment, the integrating chamber 104 
5 may be cylindrically shaped as shown which will also preserve the angular characteristics of 
the light and could be used with the embodiments of Figure 4 and Figure 5. 

Those skilled in the art will recognize that the inventive aspect of the encoding 
mechanism depicted in Figure 7 can also be achieved by holding the CVF 162 stationary 

5 and moving the optical fibers 110 in an appropriate manner. This same method of 

0 

*ft 10 encoding can also be applied to many of the other encoding methods described in the 
«n figures. For example, a filter assembly 106 can be combined with a set of optical fibers 

110 with an additional mechanism (not shown) to move the fibers such that each fiber 
can be positioned to accept more or less of the light passing through a particular location 
of the filter assembly 106. In this way, an encoding can be implemented by varying the 
1 5 position of each fiber separately. 

Refer now to Figure 8, which is a schematic illustration of a spectrometer system 
170 utilizing a liquid crystal encoding system 172 in combination with the filter 106 to 
produce the spectral encoding. The liquid crystal encoding system 172 comprises a liquid 
crystal spatial light modulator having a plurality of liquid crystal elements (not shown). 
20 Each liquid crystal element of the liquid crystal encoding system 172 is individually 
addressed and controlled by the computer 122 to perform the encoding by individually 
modulating the amplitude of the light passing through each element. 
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Refer now to Figure 9, which is a schematic illustration of a spectrometer system 
190 utilizing a digital mirror device (DMD, also known as a digital light processor or 
DLP) encoding system 180 in combination with the variable filter 106 to produce the 
spectral encoding. The DMD encoding system 180 utilizes a concave mirror 182 having a 
5 reflective surface 184 to direct light to a DMD 186. The DMD 186 comprises a plurality 
of individual mirrors (not shown) having reflective surfaces 188. The position of each 
individual mirror of the DMD 186 is controlled by the computer 122 to perform the 
encoding. Light reflected from the DMD 186 is either transmitted to the illumination fibers 
110 through a focusing lens 189 or directed elsewhere, depending on the position of the 

10 particular DMD encoding mirror. Although not shown, the optical fibers 110, sample 
holder 1 12, detector 120, etc., are arranged the same as illustrated in Figure 2. Those skilled 
in the art will recognize that the DMD device and optical system shown in Figure 9 can be 
arranged such that light that is not transmitted to the optical fibers 110 by a particular 
element of the DMD 188 can be substantially reflected back through the variable filter 

15 assembly 106 and into the integrating chamber 104 resulting in additional chances for the 
light to pass through the system in adjacent portions of the variable filter assembly 106, 
thereby increasing optical efficiency. Alternatively, one or more additional samplers 112, 
lenses 118, and detectors 120 may be configured such that light that is reflected by a 
particular DMD element is being directed into one of the optical fiber bundles 1 10 at all 

20 times. In this way, complementary spectral data sets are generated by each of the detectors 
120. 



Refer now to Figure 10, which is a'schematic illustration of a spectrometer system 

200 utilizing optical fibers 202 with integral bandpass filters 206. Different optical 

( 
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bandpass filters 206 may applied directly to eachf illumination fiber 202 using either 
conventional coating techniques or using distributed Bragg phase gratings as described by 
Kashyap and Raman in Fiber Bragg Gratings , Academic Press, 1999. The optical fibers 
202 with integral bandpass filters 206 may be used in place of optical fibers 1 10 and filter 
assembly 106, and may be used in combination with any of the spatial encoding devices 
described previously to perform th^encoding. For example, the optical fibers 202 with 
integral bandpass filters 206 njay be used in combination with the mask encoder 152 
described with reference to Figure 6. 

Refer now to Figure 1 1 ? which is a schematic illustration of a spectrometer system 
210 utilizing a micro-electromechanical systems (MEMS) encoding system 212. The 
leading or bottom surface 213 of the MEMS device 212 is placed in intimate contact with 
the active or top layer 107 of the filter 106. Alternatively, a lens or a lens array may be used 
to optically connect the filter 106 to the MEMS device 212. The individual elements of the 
MEMS device 212 may be controlled by the computer 122 to affect the optical encoding. 
Each of the MEMS devices 212 include an aperture 216 and optically opaque sliding door 
or cover 218 supported by members 214 to selectively open and close aperture 216. The 
apertures are preferably 10 - 1000 microns in size or diameter. As known in the art, the 
sliding geometry is one of many ways that multiple optical apertures can be implemented in 
a MEMS device. 

Refer now to Figure 12, which is a schematic illustration of a spectrometer system 
220 utilizing a combined filter and MEMS-based spectral encoding unit 222. Generally 
speaking, the filter 106 and the MEMS aperture can be combined to produce a single 
spectral encoding unit 222. Other aspects are substantially the same as described with 
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reference to MEMS device 212 illustrated in Figure 11. Each of the MEMS elements either 
blocks light or performs optical bandpass filtering. A very small dielectric filter 226 covers 
the MEMS aperture which, is then selectively opened and closed by door or cover 228 as 
supported by members 224. These apertures are preferably about 10 - 1000 microns in size 
or diameter. 

Refer now to Figure 13, which is a schematic illustration of a spectrometer system 
230 utilizing a MEMS double encoding system 232. Basically, the MEMS double 
encoding system 232 comprises the MEMS encoding unit 222 described with reference to 
Figure 12, but incorporates two different bandpass filters 236/238 in each encoding element, 
rather than an open/closed door or cover. In this way, all of the wavelengths may be 
addressed using half of the elements as necessary with the MEMS encoding unit 222 
described with reference to Figure 12. In general, the MEMS double encoding system 232 
provides a signal that is different than a Hadamard transform, but can still be practically 
applied to some types of analyte measurements. A simulation of the double encoding 
apparatus and method of Figure 13 has been generated. The data set used was a set of 
forearm tissue spectra that were collected on forty (40) diabetic subjects. The subjects were 
roughly evenly divided between Type I and Type II diabetes, were evenly divided between 
males and females, spanned ages from 23 years old to 67 years old, and had an ethnic 
composition that approximated the local population. Each subject who participated in the 
study was measured during two sessions per week for a total of seven weeks. Each subject 
had a number of capillary blood draws taken per visit, which were used in conjunction with 
a Yellow Springs analyzer to determine a blood glucose reference value. As well, during 
each visit, the subjects had four 90-second optical samples taken of their forearms using a 
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system based upon a Bomem WorkIR FTIR spectrometer operating at a spectral resolution 
of 16cm" 1 . 

The resulting FTIR data were processed in the usual way to produce 1874 intensity 
spectra that had significant detected intensity in the range from 4200 to 7200cm" 1 and were 
approximately zero elsewhere. Standard outlier techniques based upon the spectral 
Mahalanobis distance and the spectral F-ratio as described by Haaland, Computer Enhanced 
Analytical Spectroscopy, Volume 3 , Plenum Press, 1992, were applied to these data to 
remove outliers (127 spectra) from the data set. The resulting spectral data and their 
corresponding blood glucose reference values were then used to simulate the double 
encoding method and other related techniques. 

The original intensity spectra were encoded in two ways: First, they were encoded 
using a simulation of a conventional Hadamard S-matrix encoding scheme using a 383x383 
element transformation matrix. Second, they were encoded using a simulation of a double 
encoding scheme using the following procedure: the intensity spectra were trimmed slightly 
to 382 pixels (from 391 originally). Then a 192xl92-element Hadamard matrix was 
generated using the Hadamard Matlab function. This was then converted to an S-matrix by 
methods well known to one knowledgeable in the art. The resulting 191x191 element S- 
matrix was then doubled by replacing each entry that was [0] by [1 0] and each [1] entry by 
[0 1]. The resulting 382x382 matrix was then mapped randomly to spectral elements and 
then applied to the spectra. This procedure simulated a double encoding mask with random 
pairings of filters at each aperture. 

The resulting spectral data and glucose reference values were mean-centered by 
patient using the method disclosed in U.S. Patent No. 6,157,041, entitled "Methods and 
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Apparatus for Tailoring Spectroscopic Calibration Models", then used to perform a patient- 
out cross-validation for glucose values. As well, a logarithmic transform was applied to 
these same data, followed by a noise-scaling function that was proportional to intensity at 
each element, which were also mean-centered by subject and used for a subject-out cross- 

5 validation. As a comparison, the conventional S-matrix simulation data were used for cross- 
validation, as were data based on the original spectral intensity values. In all of these cases, 
the corresponding log-scaled data were also generated and used for cross-validation. 

As shown in Table 1 , the simulations indicated that the scaled-log of the original 
intensity spectra (i.e., noise scaled absorbance) produced the best result of approximately 

10 23.3mg/dl standard error of prediction (SEP) for glucose. Next in performance, the scale- 
log of the S-matrix data and the double-encoded data resulted in an SEP of approximately 
25.7mg/dl in both cases. Finally, the raw spectral data, the raw S-matrix data and the raw 
double-encoded data all produced results of approximately 27.5mg/dl. The differences 
between the different data treatments that were studied were small. This similarity of results 

15 indicates that the direct use of double encoded data or the scaled-log transformation of the 
double encoded data is a viable option that could provide a less expensive encoding unit 232 
as well as reduced computational requirements for the spectrometer system computer 122. 



TABLE 1: Results of Encoding Simulations 





SEP [mg/dl]: 
Raw Data 


SEP [mg/dl]: 
Scaled-Logarithm of the 
Data 


Original Spectral Data 


27.5 


23.3 


S-Matrix Simulation Data 


27.5 


25.7 


Double-Encoded Simulation Data 


27.5 


25.7 
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All of the spectrometer systems described thus far utilize optical fibers in one 
context or another. However, those skilled in the art will recognize that the spectrometer 
systems of the present invention may also be used without optical fibers. For example, 
refer now to Figure 14, which is a schematic illustration of a spectrometer system 240 
utilizing an integrated non-fiber design. Spectrometer system 240 includes an encoding 
unit 242 such as a rotary mask type encoder 152 described with reference to Figure 6. 
Spectrometer system 240 also includes a filter 244 such as a stationary circular variable 
filter (CVF) that is similar to the rotating CVF device 162 described with reference to 
Figure 7. The encoding unit 242 and filter 244 may comprise any of the encoder/filter 
combinations described previously. 

All the light leaving the encoding unit 242 and filter 244 enters into a non-imaging 
optical concentrator 245 that directs the light to illuminate the tissue at the sample head 250. 
The optical concentrator 245 comprises a dome 247 having a reflective inner surface to 
direct and focus the filtered light on the sample head 250. An optical light pipe 248 or other 
equivalent device is then used to capture the diffusely reflected light and direct it into an 
appropriate single-element detector 246, which can be located inside of the concentrator 
245, as shown in the figure, or can be placed in a convenient position outside the 
concentrator, if desired, by having light pipe 248 pass through the dome 247 at some point. 
The detector 246 is coupled to the computer 122 as in prior embodiments. Those skilled in 
the art wall recognize that the non-fiber concepts described with reference to spectrometer 
system 240 may be incorporated into any of the spectrometer systems described herein. The 
non-fiber spectrometer system 240 described above, in addition to other non-fiber 



-28- 



embodiments contemplated herein, offer advantages in the terms of cost, ruggedness and/or 
ease of assembly. 

Referring now to Figure 15, an alternative dual-chamber linear variable filter 
spectrometer is schematically depicted. The spectrometer system depicted in Figure 15 
shows an alternative to design to the basic linear variable filter (LVF) or circular variable 
filter (CVF) spectrometers previously described. With the basic LVF spectrometer 
design, the output of the LVF is distributed spatially over a relatively large area. Adding 
a second LVF, in the arrangement shown, allows the light from the large LVF surface 
area to be efficiently collected into a smaller exit port. As with previous embodiments 
using the LVF and integrating chamber, it is assumed that for monochromatic light the 
LVF surface is highly reflective, except in the area representing the passband region for 
the particular wavelength of the monochromatic light. 

Light from the source 102 to be analyzed goes through an entrance port 264 into 
the first integrating chamber 104, consisting of highly reflective walls. The front wall is 
of planar geometry and contains a first LVF 106. The back wall, containing the entrance 
port, is also planar and parallel to the front wall. The side walls may be planar, as with a 
polygon cross-section, or curved, as with a cylinder. Light of a specific wavelength 
(monochromatic) within the passband of the LVF 106, upon entering the chamber, will 
be reflected between the walls of the chamber until it strikes the appropriate passband 
region of the LVF 106 to be admitted through. Similarly, light of other wavelengths 
within the LVF 106 passband pass through the LVF 106 at different positions 
corresponding to their wavelength. Light passing through the LVF 106 is then spatially 
encoded by the spatial encoding device 108 and allowed to pass through a second LVF 
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260 with the spatial distribution of wavelength passbands matching those of the first LVF 
106. This second LVF 260 is on one face of a second integrating chamber 262, similar to 
the first integrating chamber 104. Light passing through the second LVF 260 will reflect 
between the walls until a portion of it reaches the exit port 268 contained in the wall 
5 opposite the second LVF 260. The next stage can be either a single detector element or a 
relay system (e.g., fiber optics) to transmit the light to a tissue sampler. The integrating 
chambers, as described here preserve the numerical aperture (NA) of the light entering 
the chamber. Appropriate optics can then be added to adjust the NA before entering the 
input chamber and after leaving the output chamber to optimize the system for each of 

10 the components. The integrating chambers used herein may consist of a hollow chamber 
with reflective internal walls or of a solid block of transparent refracting material with the 
reflective and wavelength selective surfaces deposited on the outside walls so as to 
enhance and control the internal reflections. 

To understand the advantage of the second LVF/integrating chamber requires 

15 defining a few quantities. Let, 

Alvf = total area of the face of the linear variable filter 

N = number of wavelength passbands contained within Alvf, i.e. the number of 

spectral resolution elements of the spectrometer 
Ae = exit port area 

20 for a system not containing the second LVF/integrating chamber the total area over which 
light must be collected is equal to Alvf. This area could represent the area of a detector 
used to collect the signal, or it could represent the area of a fiber optic bundle used to 
collect the light to transport it to a sampler. For many applications, the need to collect the 
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light over a large area is a disadvantage. For example, the cost of a detector or the noise 
generated by a detector is often proportional to the detector surface area. Likewise, a 
large area fiber optic bundle is more costly than a small area fiber bundle. 

The second LVF/integrating chamber affords a means of reducing this collection 
5 area to Ae, which can be much smaller than Alvf. To look at the efficiency of light 
transfer, we need to recognize that there are three ways a monochromatic ray of light can 
escape from the second chamber. First, it can go back through the LVF in the small area 
equal to Alvf/N, representing the surface area occupied by the passband region of the 
LVF corresponding to the wavelength of the monochromatic ray; second, it can be 

10 absorbed in the reflective walls of the integrating chamber or in the propagation medium 
of the chamber; or third, it can go out the exit port area Ae. If we ignore the losses due to 
absorption, the portion going through the exit port is equal to Ae/(Ae+ Alvf/N). As a 
single example, using this equation, we see that if we make the exit port area, Ae, equal 
to Alvf/N, we will collect 50% of the light entering the second chamber. In many cases, 

15 this 50% loss would be greatly preferred over having to make a detector or fiber optic 
bundle N times larger in area. 

From the foregoing, it should be apparent to those skilled in the art that the 
present invention provides a number of spectroscopic systems and spectrometers that 
utilize an encoder and a bandpass filter to produce a single-element multiplexing 

20 spectrometer. The use of an integrating chamber further increases the SNR and system 
performance when it is incorporated into the system in such a way that light outside the 
bandpass region of the optical filter is reflected back into the integrating chamber where 
it is retransmitted to the filter, resulting in a significant increase in the optical power 
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passing through the filter. The integrating chamber essentially boosts the optical 
throughput of the spectroscopic system and increases the signal-to-noise ratio of the system. 
The integrating chamber allows direct illumination of the filter from the light source and 
also allows the light reflected back from the filter to make additional attempts to pass 
through the filter. The integrating chamber maximizes the return of the reflected light to the 
filter assembly and minimizes optical losses. 

Those skilled in the art will recognize that the present invention may be 
manifested in a variety of forms other than the specific embodiments described and 
contemplated herein. Accordingly, departures in form and detail may be made without 
departing from the scope and spirit of the present invention as described in the appended 
claims. 
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